ABSTRACT Fall armyworm, Spodoptera frugiperda (J.E. Smith), is a signiÞcant agricultural pest in the United States, affecting most notably sweet corn, Zea mays L., and turfgrass. Two strains exist that differ physiologically and behaviorally but are morphologically indistinguishable. Polymorphisms within the fall armyworm Triose phosphate isomerase gene (Tpi; EC 5.3.1.1) were characterized and used to develop a polymerase chain reaction-based method for discriminating fall armyworm strains. The Tpi markers were used in multilocus analysis to estimate interstrain hybrid frequency and their distribution in populations from the United States and Brazil. The results were compared with previous studies using different marker combinations to test hypotheses about interstrain mating behavior and to explain earlier observations of unusual strain distribution patterns. The importance of understanding the frequency and consequences of interstrain hybridization to deciphering the mechanism of strain divergence and the distribution of fall armyworm subpopulations in different habitats are discussed.
The fall armyworm, Spodoptera frugiperda (J.E. Smith), is a signiÞcant economic pest in the Western Hemisphere with a broad host range (Luginbill 1928 , Sparks 1979 . It can be subdivided into two host strains as deÞned by their differential distribution in large grasses (designated corn-strain), such as corn and sorghum, or smaller grasses (designated rice-strain), such as rice, Oryza sativa L., and Bermuda grass, Cynodon dactylon (L.) Pers. (Pashley 1986 (Pashley , 1988 . Because the strains are morphologically identical, molecular markers are the most accurate indicators of strain identity Prowell 1999, Prowell et al. 2004) . Mitochondrial haplotypes are among the most convenient of these as they can be assayed by polymerase chain reaction (PCR) ampliÞcation of individual samples (Levy et al. 2002) . Strain-speciÞc polymorphisms within the mitochondrial cytochrome oxidase I (COI) gene are asymmetrically distributed among plant hosts in the Þeld, with the corn-strain haplotype typically representing Ϸ80% of the larvae isolated from corn and the rice-strain haplotype in Ͼ95% of the larvae collected from pasture or turf grasses (Pashley 1989 , Prowell 1998 . Comparisons of North American and Brazilian fall armyworm collections demonstrate that the two strains exist throughout the Western Hemisphere and can be distinguished by the same markers and exhibit the same plant host biases (Busato et al. 2005 , Nagoshi et al. 2007a , Machado et al. 2008 .
The incidence of interstrain mating in the Þeld has been studied using combinations of markers that can identify likely hybrids. Larvae collected from Louisiana, Florida, Puerto Rico, Guadeloupe, and French Guiana at various times from 1990 to 1992 were analyzed for the presence of strain-speciÞc mitochondrial DNA markers, Z-linked esterase allozymes, and ampliÞed fragment length polymorphism (AFLP) fragments (Prowell 1998 , Prowell et al. 2004 . Discordances between markers were found that could either result from ancestral polymorphisms persisting into modern populations or be the product of interstrain hybridization. The latter explanation was favored because asymmetries in the frequencies of the different hybrid marker combinations found in Þeld collections were consistent with a directional bias in interstrain mating that had been observed in the laboratory, speciÞcally that rice-strain females mated with cornstrain males more frequently than the reciprocal pairing (Prowell et al. 2004) .
Similar results were obtained using the mitochondrial COI gene and a sex chromosome-linked, tandemrepeat element called FR The original description of FR was as a rice-strain speciÞc element based on examination of laboratory colonies and a sampling of Georgia populations (Lu et al. 1994) . The distribution of FR with respect to the COI markers gave a more polymorphic result in an extensive multiyear survey of populations from Florida and Texas (Nagoshi and Meagher 2003a,b; Nagoshi et al. 2006b ). Between 30 and 50% of male samples expressing the rice-strain COI cytotype (COI-RS), an indication of their having rice-strain mothers, were FR ϩ , whereas Ϸ90% of males with the corn-strain COI cytotype (COI-CS) lacked FR clusters (FR 0 ). An analysis of unsexed larvae from Brazil from 2005 to 2007 gave comparable results (Machado et al. 2008) , indicating that the association of FR clusters with the rice-strain is preserved throughout most of the Western Hemisphere. The polymorphic distribution of FR with respect to COI-RS could result from interstrain mating (Nagoshi and Meagher 2003a) . As with the other multilocus study (Prowell et al. 2004) , the frequency of the discordant marker conÞguration predicted by matings between rice-strain females and corn-strain males (COI-RS FR 0 ) were substantially higher than the conÞguration (COI-CS FR ϩ ) diagnostic of the reciprocal cross, and these putative hybrid conÞgurations were again most often found in corn-dominated habitats. Both observations are consistent with interstrain hybridization (Nagoshi et al. 2006b ).
These studies demonstrate the utility of the multilocus approach to study interstrain hybridization. However, with the exception of the mitochondrial haplotypes the available markers are less than ideal. Allozymes and AFLP require intact proteins or relatively large fragments of DNA to be consistently detected. This can be problematic with samples obtained from pheromone trapping, the most convenient and efÞcient collection method, where the quality of the samples is often compromised by prolonged exposure to Þeld conditions. In contrast, the FR repeat is easily detected by PCR ampliÞcation even with small amounts of tissue, but the result is unusually sensitive to reaction conditions and prone to the production of ambiguous patterns ). This is because the diagnostic PCR products produced by the two strains result from differences in the number and organization of the repeat element, which can lead to complex ampliÞcation patterns. Consistent results can be obtained, but extensive controls and multiple replications with different primer pairs are often required. This can be impractical when dealing with the larger numbers required for population surveys. The development of a more robust and accurate method for identifying strains using a nuclear marker would facilitate studies of hybrid frequency and behavior in wild populations.
In this study, polymorphisms within the triose phosphate isomerase (Tpi; EC 5.3.1.1) gene were characterized and used to develop a PCR-based method for discriminating fall armyworm strains. Tpi gene structure has been extensively studied in a number of organisms to examine the evolution and function of introns (Gilbert et al. 1986 , Logsdon et al. 1995 . DNA sequence information was available for Tpi from the noctuid moth Heliothis virescens (F.), the fall armyworm sister species Spodoptera littoralis (Boisduval), and a portion of the coding region of fall armyworm. This information was used to clone and characterize genomic Tpi sequences from fall armyworm and identify strain-speciÞc polymorphisms. A method for identifying strains was developed using Tpi and its efÞcacy compared with the COI and FR markers. Marker combinations were then used to estimate hybrid frequency and distribution in the Þeld.
Materials and Methods
Fall Armyworm Samples. Genomic DNA preparations of fall armyworm samples from previous studies were stored at Ϫ20ЊC (Table 1 ). All had been characterized previously for strain identity using the COI marker, and most had been tested for FR (Nagoshi and Meagher 2003a,b; Nagoshi et al. 2006b Nagoshi et al. , 2007b Nagoshi et al. , 2008 . Additional and conÞrmatory analyses for FR were performed as needed. All primers were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA). FR-speciÞc primers included D (5Ј-TGAGAGAAGA-CATTGGTTGACCT-3Ј), HfdR (5Ј-TGCTCTTCTAT-GTCCAATTCGTG-3Ј), GfdM (5Ј-GACCTTTTTA-CACCCGTCAC-3Ј), 3R (5Ј-TGATTTCCGACAAA-GAATTGC-3Ј), and 6R (5Ј-CGTGATTGCACTTC-CACTACAA-3Ј). Restriction digestion with either EcoRI or MspI was used as needed to enhance or (2007a) resolve the FR pattern . Strain determination using FR required consistent and unambiguous results from at least two ampliÞcation reactions using at least two different primer sets. PCR patterns were visualized on a 1.8 Ð2.0% agarose horizontal gel. Characterization of Fall Armyworm Tpi. DNA sequence data for nearly the entire coding region of the fall armyworm Tpi gene (Spodobase no. sf2M03980-5-1) was obtained from the Spodobase expressed sequence tag (EST) database (Negre et al. 2006) . Primers for PCR ampliÞcation and DNA sequencing were generated to analyze the region extending from exon-1 to a portion of exon-5. These include the primers Tpi-56
Because Tpi is probably Z-linked in Lepidoptera (Yasukochi et al. 2006) , females were expected to carry one copy of the gene. Therefore, direct sequencing of genomic fragments from females will give unambiguous sequence information and the initial analyses were performed using female samples. ConÞrmation of Z-linkage was made by single-pair matings of fall armyworm from laboratory-reared colonies. The strainspeciÞc colonies and matings were reared on a pinto bean-based artiÞcial diet (Guy et al. 1985) .
PCR ampliÞcation with Tpi primers used the proÞle: 94ЊC (1 min), followed by 32 cycles of 92ЊC (30 s), 56ЊC (30 s), 72ЊC (1 min), and a Þnal segment of 72ЊC for 3 min. PCR-ampliÞed fragments were isolated from agarose gels using the Zymoclean Gel DNA recovery kit (Zymo Research, Orange, CA). The isolated fragments were directly analyzed by DNA sequencing performed by Northwoods DNA, Inc. (Bemidji, MN) or the University of Florida Interdisciplinary Center for Biotechnology Research (Gainesville, FL). The location of introns was inferred by comparisons of the genomic DNA sequence obtained with sequences from H. virescens (GenBank accession U23080) and S. littoralis (GenBank accession L39011), and the S. frugiperda EST. The majority of the subsequent analysis focused on polymorphisms located in the region extending from exon-3 to most of exon-4 that is ampliÞed by the primer combination Tpi-282 F/Tpi-850gR.
Analyzing Tpi Polymorphisms in Males. Because males carry two copies of Tpi, direct sequencing of a PCR-ampliÞed product from the genomic DNA of a single male will produce ambiguity at sites carrying heterozygous polymorphisms. This problem was partially alleviated by limiting the analysis to 10 straindeÞning sites, thus reducing the amount of unambiguous sequence data (as determined by the DNA sequencing chromatograms) required. Specimens heterozygous at the strain-specifying sites were not counted because I could not be conÞdently distinguished genuine heterozygosity from possible sequencing artifacts. Therefore, only males in which the two Tpi homologs were identical at the strain-speciÞc sites were included in the analyses.
DNA Sequence Analysis. DNA comparisons, alignments, and restriction site mapping were performed using the DS Gene program (Accelrys, San Diego, CA) and the CLUSTAL algorithm. Calculations of haplotype and nucleotide variation and diversity were performed using DNAsp, version 4.50.3 (Rozas and Rozas 1997) and was limited to exon-3, intron-3, and exon-4. The variability in the size of intron-3 prevented accurate alignments, and so insertions and deletions (indels) were excluded from the data set. Phylogenies were constructed after removal of indels by using the unweighted pair-group method with arithmetic average tree building method and the TajimaÐ Nei nucleotide substitution model as calculated by the DS Gene program. ConÞdence was assessed by bootstrapping at 1,000 replications with Heliothis virescens (F.) Tpi the designated outlier. Representative sequences for the region between exon-3 and exon-4 were deposited in GenBank with accession numbers GQ411913, GQ411914, GQ411915, and GQ411916.
Statistical Analysis. Paired t-tests were performed using SPSS 15.0 for Windows (Lead Technologies, Inc., Chicago, IL). Haplotype ratios were analyzed by one-way analysis of variance (ANOVA) with TukeyÐ Kramer post test using GraphPad InStat, version 5.1 (GraphPad Software, San Diego, CA; www.graphpad. com).
Results
Genomic sequence analysis of Ϸ95% of the fall armyworm Tpi gene identiÞed four introns that mapped to the same positions as predicted for H. virescens and S. littoralis (Fig. 1) . Comparison of fall armyworm samples from Florida and Texas identiÞed no deletions or insertions within the Þve Tpi exons but substantial length variation in the introns.
Confirmation of Z-Linkage. The fall armyworm Tpi gene was presumed to be Z-linked and so the initial DNA sequence analysis was performed using female samples, which being Z/W should have only one copy of the gene. This assumption seemed correct as sequence analysis of female samples typically gave unambiguous sequence information. A preliminary comparison of specimens collected from corn and turfgrass hosts revealed a number of single base polymorphisms asymmetrically distributed between the two collections. To conÞrm the Z-linkage, reciprocal matings were performed between one female of one strain and one male of the other. Polymorphisms speciÞc to each parent were identiÞed and tested for their distribution in the progeny. Regardless of the direction of the mating, the daughters carried only the Tpi polymorphisms that were exclusive to the male parent, whereas sons were heterozygous for the parental polymorphisms. This inheritance pattern is diagnostic of Z-linked inheritance.
Identifying Strain-Biased Tpi Haplotypes. Because genes involved in species divergence in Lepidoptera are preferentially found on the sex chromosomes March 2010 NAGOSHI: MOLECULAR CHARACTERIZATION OF FALL ARMYWORM STRAINS (Sperling 1994) , it was possible that Tpi could be linked to factors that speciÞed strain-speciÞc behaviors, such as plant host preferences. To test this, larvae were collected from corn and turf grasses and females were analyzed for sequence polymorphisms within the Tpi gene. The analysis was simpliÞed by focusing on exons-3 and -4, two of the larger exons, and the small intervening intron-3 to limit the number of polymorphisms that had to be accounted for. Phylogenetic analysis revealed that all 26 samples from corn formed a single clade at Ͼ95% bootstrap support, consistent with a monophylytic corn-strain population ( Fig. 2A) .
In contrast, the 20 turfgrass samples displayed greater diversity, with at least three nodes with Ͼ70% support. Ten single base polymorphisms within this region were identiÞed that were host-biased as deÞned by a minimum two-fold frequency difference between the host plant populations (Fig. 3A) . Two sites were found in exon-3, -4 in intron-3 that were arranged as pairs, and four in exon-4 (Fig. 3B) . Analysis of these and additional samples showed that at each site, a speciÞc nucleotide was generally associated with each strain (Table 2 ). Exceptions were found in only Þve of the 90 samples analyzed, all in the intron at sites 173, 174, 
a Distance from the start of exon-3. b Number of each Tpi haplotype found in a series of Florida collections.
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and 185. Only single-base substitutions were found in the exons, with the great majority of these producing synonymous codon changes (130/135) and occurring in the third codon position (Table 3 ). The utility of these polymorphisms to identify strains was tested by setting arbitrary, but relatively conservative criteria for strain identity. Corn-strain (Tpi-C) identity required at least seven of the 10 sites showing the corn-strain speciÞc polymorphism, whereas the same proportion displaying the rice-strain alternatives (Tpi-R) deÞned that group ( Table 2 ). Specimens that failed to meet either criterion were deemed ambiguous and designated Tpi-int (intermediate). The primary advantage of this method is that it only requires unambiguous sequencing information at the 10 diagnostic sites. However, this methodology still does not allow reliable identiÞcation of individuals heterozygous at the polymorphic sites, as would occur with Tpi-C/Tpi-R heterozygotes (see Materials and Methods) . Therefore, the analysis of males was limited to cases where both Tpi homologs were of the same strain category. Specimens of both sexes from Brazil, Florida, and the TexasÐMississippi region were categorized as Tpi-R or Tpi-C and compared (Table 3) . The two groups showed substantial and consistent differences in their levels of polymorphism that were independent of geographical origin. In the two exons, haplotype and nucleotide diversities were consistently highest in the Tpi-R group, which gave average values for all locations of Hd ϭ 0.999, ϭ 0.027, and ϭ 0.030. This compares with Tpi-C values of Hd ϭ 0.568, ϭ 0.004, ϭ 0.003. Analogous differences were observed in comparisons of the intron sequence (Table 3) .
Phylogenetic analysis of the exon-3 and exon-4 polymorphisms provided further evidence that Tpi-C and Tpi-R identify discrete populations (Fig. 2B) . With the Tpi-C specimens, eight haplotypes were identiÞed with two representing 85% (78/92) of the corn-strain sequences tested. All eight clustered into a single clade with 77% bootstrap support. The more diverse Tpi-R population showed 71 haplotypes with 65 represented by a single sequence. Of the six haplotypes represented by multiple individuals, the largest group containing only six representatives.
Concordance of Tpi with Other Strain Markers.
The strain-speciÞc markers COI (mitochondrial), FR (Zlinked and W-linked), and Tpi (Z-linked) will display different segregation patterns because of their genetic locations and limitations in our PCR-based detection methods, Examples of the latter include the inability to distinguish between specimens homozygous, hemizygous, and heterozygous for FR clusters (all are identiÞed as FR ϩ ) and to identify Tpi-R/Tpi-C heterozygotes as described previously. Despite these complications, an examination of the predicted segregation patterns and expected phenotypes indicate that concordance between the markers will predominate if the large majority of matings occur within strain, but a more random distribution will occur if interstrain and hybrid matings are productive and frequent (Table 4) . Therefore, comparisons between the markers can provide an estimation of strain mating Þdelity.
Tpi-C and Tpi-R generally showed consistent and signiÞcant concordance with the strain-speciÞc mitochondrial COI gene and the sex-linked FR repeat (Table 5). The Tpi-C haplotype was associated with the corn-strain COI-CS haplotype in an average of 78% of the samples tested from North America and Brazil, a statistically signiÞcant difference from the discordant (COI-CS Tpi-R) combination (average of 6%). Concordance also was observed between Tpi and FR, with 68% of the Tpi-C samples tested being FR 0 (P ϭ 0.045). The concordance of the Tpi markers with COI seemed higher than with FR, particularly the rice-strain where 94% of Tpi-R specimens were COI-RS (6% COI-CS) compared with 79% that were FR ϩ (21% FR 0 ), but this difference was not quite statistically signiÞcant (P ϭ 0.073). The strain ambiguous Tpi-int haplotype group displayed an unexpected biased distribution. This class was relatively rare so numbers were low, but of the 32 analyzed (pooled from all locations), 91% (29/32) were associated with COI-RS and 75% (24/32) with FR ϩ , indicating a strong rice-strain bias. The concordance data also identiÞed a possible difference in the linkage of FR and Tpi to strain-specifying genes on the Z-chromosome. In this analysis, Tpi haplotype frequencies associated with different COI and FR combinations were examined only in males to a Tpi strain identity (R, rice-strain. C, corn-strain). n, number of sequences. Haplo, number of haplotypes. Ps, number of polymorphic sites. SS, synonymous substitution. NS, nonsynonymous substitution. Hd, Haplotype diversity. , pi nucleotide diversity. , theta nucleotide diversity. I/II/III, number of substitutions in the three codon positions.
b Standard deviation calculations in parentheses.
limit the analysis to the segregation of the Z-chromosome. As expected, concordance with all three markers was most frequent, with 97% of the COI-CS FR 0 group carrying Tpi-C and 80% of the COI-RS FR ϩ population being Tpi-R (Table 6 ). This indicates that males carrying Z-chromosomes identiÞed as being of one strain by both FR and Tpi will strongly tend to mate with females of the corresponding COI cytotype, consistent with the Z-chromosome carrying factors inßuencing strain mating choice. More informative was the observation that in the subgroup that had the discordant COI-RS FR 0 conÞguration, a majority (54%) were Tpi-R. This indicates that Tpi-R marked Z-chromosomes that lack the rice-strain specifying FR clusters will still tend to be associated with the ricestrain COI cytotype. The analogous also seems to be the case in the corn-strain. All eight of the discordant COI-CS FR ϩ group carried the Tpi-C allele, suggesting that Tpi was a better indicator of COI cytotype than FR. These results are consistent with Tpi being more tightly linked than FR to the genes responsible for strain-speciÞc mating choice.
Distribution of Tpi Haplotypes in the Field. It had been observed previously that there were seasonal periods in Florida when, unexpectedly, the larvae found on corn were predominantly of the rice-strain as deÞned by the COI marker (Nagoshi and Meagher 2004) . This apparent aberration in plant host speciÞcity was examined by a comparison of three types of larval collections: 1) From corn during periods when the majority of samples were COI-RS (designated RScorn), 2) from corn when COI-CS predominated (CScorn), and 3) from pasture grasses that were exclusively COI-RS (RS-turf). In both the CS-corn and RS-turf collections there was high concordance between the strain-speciÞc COI and Tpi haplotypes, with COI-CS Tpi-C and COI-RS Tpi-R making up 81% (65/ 80) and 76% (29/38) of these respective populations (Table 7A ). In comparison, the samples in the RS-corn collection were more broadly distributed among the COI-CS Tpi-C (23%; 9/39), COI-RS Tpi-R (36%; 14/ 39), COI-RS Tpi-C (31%; 12/39) genotypes. Although only 28% (11/39) of the RS-corn collection carried COI-CS, a majority (54%; 21/39) were Tpi-C, the haplotype class expected to infest corn. This suggests that Tpi is a more accurate indicator of strain identity as deÞned by plant host preference. 
Yes a Tpi markers could not be identiÞed in males heterozygous for Z R and Z C . Table 7A , 28 displayed a discordant COI to Tpi arrangement, of which 24 were COI-RS Tpi-C. The proportion of this genotype in the larvae collected from corn (19%, 23/ 119) was higher than that observed from pasture grasses (3%; 1/38). Similar results were obtained for larval samples from Brazil and the United States (Table 7B). Larvae collected from plants preferred by the corn-strain showed a signiÞcantly higher frequency of discordant genotypes (19%, 39/206) compared with collections from rice-strain host plants (6%, 6/108). Overall, the COI-RS Tpi-C conÞguration occurred more frequently than the reciprocal discordant genotype COI-CS Tpi-R and was more commonly found in association with corn-strain preferred host plants.
Discussion
Tpi Is a Marker of Strain Identity. Polymorphisms in the introns and exons of Tpi can be subdivided into two subpopulations (Tpi-R and Tpi-C) that correlate with the distributions of two other known strain markers, the COI gene and the FR repeat. In at least some sample collections, particularly from corn-strain speciÞc plant hosts, the proportion of the population with the appropriate Tpi marker was higher than that observed for either COI or FR, suggesting that it may be a more accurate identiÞer of strain identity. These Þndings demonstrate that the PCR-based Tpi method provides a Z-linked strain marker that can be consistently analyzed in individuals obtained from Þeld collections.
Strain Differences in Sequence Variation. The Tpi-C population was considerably less diverse than its Tpi-R counterpart with respect to nucleotide variations within the Tpi gene. A similar result was observed in comparisons of a portion of the mitochondrial COI gene between the two strains (Nagoshi et al. 2007a) , although overall genetic diversity among the COI-RS haplotypes was less than observed in Tpi-R on the basis of Hd and nucleotide diversity ( or , Table 3 ). These observations are consistent with earlier AFLP studies where variation of the observed markers in the ricestrain was estimated to be twice that of the corn-strain (McMichael and Prowell 1999) . This higher genetic complexity may explain the more variable phenotype exhibited by the rice-strain with respect to the distribution among host plants. On average, Ϸ20% of the larvae collected from corn plants display rice-strain markers, whereas Ͻ5% of samples from rice-strain hosts were corn-strain. The reduced host-speciÞcity of the rice-strain population as a whole may indicate that additional subpopulations exist with plant host preferences patterns different from the two known strains.
Interstrain Hybrids. The different inheritance patterns exhibited by the Tpi and COI genes made possible an examination of interstrain hybridization behavior in the Þeld that conÞrmed and extended the major Þndings of past multi-locus studies (Nagoshi and Meagher 2003a , Prowell et al. 2004 , Nagoshi et al. 2006b ). First, the hybrid marker combination predicted to result from a rice-strain female to corn-strain male cross (COI-RS Tpi-C) predominated over the reciprocal alternative (COI-CS Tpi-R), conÞrming the existence of a directional interstrain mating bias favoring matings between rice-strain females and cornstrain males Meagher 2003a, Nagoshi et al. 2006b ). The Tpi-COI studies also provided insight into the unexpected Þnding that late season corn plantings in southern Florida have periods when the majority of the infesting larvae are of the rice-strain as determined by the COI-RS marker (Nagoshi and Meagher 2004) . These periods were limited to October and November and corresponded with increases in the proportion of rice-strain pheromone trap captures in the surrounding area. Reexamining these unusual collections for Tpi found that approximately half of the samples previously identiÞed previously as ricestrain were actually COI-RS Tpi-C discordants (Table  7A) . As a consequence, the majority of the collections can be considered corn-strain based on the Tpi-C marker and the apparent aberration in strain-speciÞc plant host preference may not be occurring, or is at least not as severe. These observations suggest that after the spring/summer migration, hybrids build up in the endogenous Florida populations and these apparently are what initially infest the fall/winter season corn crop.
An unanswered question is why the COI-RS Tpi-C discordant group is underrepresented. They can be generated by matings between rice-strain females and corn-strain males and can represent a signiÞcant fraction of the population at certain times and locations. Yet the overall levels are consistently less than the concordant conÞgurations. If the discordant genotypes represent interstrain hybrids, then determining their fate is critical to understanding how the strains are diverging. There is evidence that interstrain hybrids have limited mating capability, but this has been difÞcult to reproduce consistently in the laboratory (Pashley and Martin 1987 , Whitford et al. 1988 , Quisenberry 1991 . The possibility that one or both hybrid conÞgurations have reduced Þtness has not been demonstrated. More detailed examination of the distribution and frequency of the discordant genotypes in wild populations by using the COI and Tpi marker combination should help address this issue.
